Titanium dioxide (TiO 2 ) is an advantageous material in catalytic photodegradation due to its low cost, high stability, and considerably higher efficiency when compared to other semiconductors. However, the need for artificial radiation sources in the UV range is a limitation to its use in wastewater remediation. In this context, Localized Surface Plasmon Resonance (LSPR) has been shown to enhance the photoexcitation of charge carriers in the semiconductor. In the present work, the investigation of catalytic photodegradation of phenol solution under distinct excitation by UV-visible or just visible radiation, employing three TiO 2 based plasmonic catalysts, was conducted. Spherical silver nanoparticles which present LSPR along the TiO 2 bandgap energy and electrically insulated silver nanoparticles were employed. Gold nanoparticles, which present low energy LSPR, were also employed in order to compare the excitation efficiency. Discrete dipole approximation simulations were carried out in order to verify the electric field enhancement and penetration at the semiconductor surface of each plasmonic catalyst.
Introduction
Titanium dioxide (TiO 2 ) is a semiconductor largely employed as a catalyst in processes such as wastewater recovery, energy conversion and in dye-sensitized solar cells (DSSC). It is an advantageous material due to its low cost, high stability, and considerably higher efficiency when compared to similar semiconductors. The excitation process on TiO 2 occurs strictly under high-energy radiation (l exc < 380 nm) due to its high bandgap energy (E gap ) of approximately 3.2 eV in anatase and 3.0 eV in rutile, the most common TiO 2 polymorphs.
1 Even though the most stable TiO 2 polymorph is anatase, several research groups have indicated that mixtures of anatase and rutile present better photoactivity than either of the pure phases.
2,3 Therefore, commercial TiO 2 Degussa P25 (P25, approximately 75% anatase and 25% rutile) is employed as a standard material in photocatalysis processes in several studies published in past years due to its high catalytic efficiency.
2,4
Under high energy excitation, the photogenerated electronhole pair (e À /h + pair) in the semiconductor catalyst is responsible for oxidative and reductive processes in adsorbed species.
5
Organic or water molecules adsorbed onto the catalyst surface may undergo oxidation processes by the positively charged site (h + ) at the VB while reduction processes within oxygen and water molecules are carried out by the negatively charged site (e À ) at the CB. The generation of the e À /h + pair yields free radicals in aqueous solution, consequently triggering photodegradation or photoconversion processes. The need for articial UV sources in catalytic photodegradation processes increases costs, and thus it is considered a limitation in wastewater remediation. Therefore, recent scientic and industrial interest lies in the development of composite materials that are more efficient under visible light or that exhibit improvement on the e À /h + pair generation events under UV light, in order to employ sunlight as a radiation source in wastewater treatment, for instance. 1, 6, 7 In this context, Localized Surface Plasmon Resonance (LSPR) has played an important role in recent advances. 5, 6, 8 LSPR is a charge density oscillation conned to metallic nanoparticles (so-called plasmonic nanostructures) under resonance with specic wavelengths of the incident electromagnetic eld and which results in the enhancement of local and far electromagnetic elds. 8, 10 Its optical properties are strongly dependent on particle size, shape, coinage metal and dielectric surroundings.
9,11 LSPR has been largely employed in the enhancement of Raman spectroscopy through Surface-Enhanced Raman Scattering (SERS) since the early 1970s; recently it has also been applied as an enhancement mechanism for photocatalysts, resulting in so-called plasmonic photocatalysis. 10, 11, 15 Thus photoexcitation may benet from the LSPR of plasmonic nanoparticles attached to the semiconductor surface in resonance within the bandgap energy. Therefore, plasmonic nanostructures immobilized to the catalyst may enhance the photocatalysis efficiency through the intense local electromagnetic eld.
8,12
Plasmonic photocatalysis has been widely discussed in the literature. 5, 6, [11] [12] [13] [14] However, some research groups assign the improvement in photocatalysis efficiency strictly to the charge transfer from the metal nanoparticle to the semiconductor CB and the formation of a Schottky barrier. 6, 13, 19 Distinct methods of immobilization of plasmonic structures onto TiO 2 aiming to investigate photocatalytic efficiency have been developed based on optimization of synthesis parameters. These plasmonic catalysts have shown a reasonable efficiency response on the generation of H 2 and O 2 from water decomposition and also on dye photodegradation.
14,15
The present work aimed to be a systematic investigation of the excitation mechanism of plasmonic catalysts. In this way, photocatalysis under UV-visible and strictly visible irradiation (UV range ltered) employing plasmonic catalysts was investigated. The plasmonic catalysts were prepared with silver and gold nanoparticles chemically attached to the TiO 2 Degussa P25 surface. Furthermore, a plasmonic catalyst was designed with silver nanoparticles capped with silicon dioxide as an electric insulator in order to evaluate the contribution of charge transfer between the semiconductor and the metal nanoparticle, and the formation of a Schottky barrier, as widely proposed in the literature.
Phenol is a chemical compound that is considered to be an important industrial wastewater pollutant. This molecule was employed as a photodegradation target in the present work due to its strong adsorption to TiO 2 through hydrogen bonds, which facilitates direct photodegradation. It is important to note that phenol molecules present no light absorption (electronic transition) in the visible range and do not contribute to the electron injection in TiO 2 VB as in dye-sensitized photocatalysis, a common issue when employing dyes as degradation targets. However, both phenol and its degradation products exhibit light absorption in the UV region. Thus, the monitoring of phenol degradation directly employing UV-visible spectroscopy is inefficient. This issue was overcome by chemical modication of the remaining phenol molecules in the aliquots retrieved aer photodegradation, a common procedure in water treatment plants. 16 The colorimetric method resulted in an absorption band at 510 nm by the reaction of phenol molecules and 4-aminoantipyrine.
Phenol photodegradation experiments employing a plasmonic catalyst capped with the insulator shell under strictly visible excitation aided in the conrmation of LSPR enhanced catalysis in comparison to the experiment containing pure P25 and the catalyst with non-insulated plasmonic nanostructures. On the other hand, photocatalysis under UV-visible radiation excitation was not expected to show a considerable difference between plasmonic catalysts and pure P25, since direct excitation of TiO 2 is more intense than LSPR excitation. The photocatalysis experiment using a plasmonic catalyst with Au nanoparticles presented little intensication, and the results of DDA aided interpretation of the experimental results.
Experimental

Materials
Silver nitrate (AgNO 3 , >99%), 3-mercaptopropionic acid (MPA), sodium borohydride (NaBH 4 ), sodium citrate dihydrate (Na 3 (-C 6 H 5 O 7 )$H 2 O), polyvinylpyrrolidone 10000 (PVP 10000), phenol, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC), oxalic acid, 4-aminoantipyrine, potassium persulfate and tetraethyl orthosilicate (TEOS) were purchased from Sigma-Aldrich, and TiO 2 P25 Aeroxide® (P25) was purchased from Degussa-Evonik. All chemicals were used without further purication.
A high-pressure 125 W Hg lamp (Philips HPL-N) without the glass bulb was employed as the radiation source. The lamp exhibits Hg emission lines at 690, 579, 576, 548, 491, 435, 407, 404 and 365 nm. The Museum Glass® from True Vue™ was employed as a UV cut-off lter, placed between the lamp and the photodegradation vessel, by attenuating the 365 nm line and higher energy emission by two orders of magnitude. A Shimadzu UV-3101 PC spectrophotometer was used to monitor the photocatalysis and to characterize the photocatalysts through Diffuse Reectance (DR) spectra by using an integrating sphere. Transmission Electron Microscopy (TEM) and energy dispersive X-ray spectroscopy (EDS) analysis were carried out on a Philips CM 200 Microscope operating at 200 kV.
P25 + Ag NPs: NPs synthesis and immobilization onto TiO 2
The synthesis of silver nanoparticles (Ag NPs) was carried out following the Creighton, Blatchford and Albrecht report 17 with some modications. In an Erlenmeyer ask containing 150 mL of ice-cold NaBH 4 (2.0 mM) in a sonicator with an ice bath and under vigorous stirring in order to aid monodispersity, 50 mL of AgNO 3 (1.0 mM) was added. The resulting pale yellow colored suspension was kept in the sonicator for an additional 5 minutes. The resulting suspension was heated on a heating plate and intercalated between heating and manually stirring away from the heating plate, in order to remove the BH 4 À excess. This was performed with caution so that the solution did not boil. During the heating process, as soon as the suspension started to get dark in color, the Erlenmeyer ask was removed from the heating plate and vigorously stirred until the suspension returned to a yellow color. This procedure was repeated until the suspension stabilized at a yellow color. The resulting suspension presented an extinction band maximum at 435 nm.
In a beaker, 75 mL of the Ag NPs colloidal suspension was diluted in 525 mL of deionized water under stirring. To this diluted suspension, 1.20 mL of MPA solution in acetonitrile (0.10 M) was added dropwise. The suspension was kept under stirring for 6 h in order to adsorb the MPA to the Ag NPs by the thiol functional group, leaving the carboxylic acid functional group free. A suspension containing 75 mL of deionized water and 3.0 g of P25 was added to the suspension of thiol-modied Ag NPs and kept under stirring for 22 h in the dark. The Ag NPs containing carboxylic acid groups tend to adsorb onto the TiO 2 surface through the carboxylic acid group. Aer the adsorption of the thiol-modied Ag NPs onto TiO 2 , the suspension was ltered and washed abundantly with deionized water until the pH of the waste solution reached neutral pH. The yellowish solid was dried in a desiccator for 24 h, mechanically powdered and stored in a ask protected from light. The Ag immobilization onto TiO 2 is represented in Scheme 1A.
P25 + Ag@SiO 2 NPs: NPs synthesis, growth of SiO 2 shell and immobilization onto TiO 2 The synthesis of Ag NPs coated with SiO 2 (Ag@SiO 2 NPs) was described by Shanthil and co-workers. 18 An Erlenmeyer ask containing 250 mL of AgNO 3 aqueous solution (1.06 mM) was heated until the solution boiled and 10 mL of sodium citrate dihydrate aqueous solution (38.8 mM) was added dropwise under vigorous stirring. The solution was kept under heating and stirring for 1 h and then cooled to room temperature. The Ag NPs suspension was centrifuged (5000 rpm) for 20 min and dispersed in distilled water (250 mL). To this solution, 2 mL of an aqueous solution containing 50 mg of PVP 10000 was added and it was kept under stirring for 24 h. The PVP stabilized NPs (Ag-PVP NPs) were puried by an abundant washing and centrifugation (5000 rpm) procedure for 30 min, and then dispersed in distilled water (25 mL).
The Ag-PVP NPs suspension (25 mL) was added to 225 mL of isopropanol under vigorous stirring. To the above solution, ammonium hydroxide (25% v/v, 4.8 mL) and TEOS (50% v/v, 100 mL) solutions were added. The silicon dioxide polymerization was carried out by keeping the above suspension at room temperature ($28 C) for 15 min and then it was transferred to a refrigerator to allow the silicon dioxide shell to grow. The solution temperature reached a minimum of 10 C. The mixture was le to react for 90 min and then abundantly washed with deionized water and centrifuged at 5000 rpm in order to separate the remaining unreacted material from the Ag@SiO 2 NPs. The purication procedure was repeated three times. The colloidal suspension presented a maximum extinction band at 435 nm, in agreement with the literature. The Ag@SiO 2 immobilization procedure into the Degussa P25 was executed in a three step method based on Caro and coworkers' report. 19 An Erlenmeyer ask containing 400 mL of deionized water, 0.252 g of oxalic acid (5.0 mM) and 2.0 g of Degussa P25 was kept under stirring in the dark for 22 h in order to chemically activate the TiO 2 surface due to the adsorption of the dicarboxylic acid. Aer this procedure, the modied TiO 2 (TiO 2 -COOH) was exhaustively washed with deionized water until pH stabilization (pH 4.30) due to the acid dynamic equilibrium.
The second step concerned the reaction between the carboxylic acid function at the TiO 2 surface and the amine group on the APTMS by the action of EDC, a dehydration agent, towards amide formation. The APTMS (200 mL) and EDC (3 mg) were added to the TiO 2 -COOH suspension simultaneously, resulting in a 1 : 1 mol/mol proportion, and kept under vigorous stirring for 13 h. This suspension was abundantly washed, centrifuged and suspended in 400 mL of deionized water in a sonicator bath. The semiconductor surface in this stage reacted forming amide groups and leaving free hydrolyzed silane groups (TiO 2 -Si(OH) 3 ) from the APTMS.
Aer the semiconductor functionalization, the third step concerned the joining of Ag@SiO 2 to modied TiO 2 (TiO 2 -Si(OH) 3 ). The nanocomposite preparation was carried out by adding 2 mL of colloidal Ag@SiO 2 to TiO 2 -Si(OH) 3 in an aqueous solution and this was kept under stirring for 24 h. The nanocomposite TiO 2 -Ag@SiO 2 was abundantly washed and ltered. The resulting pale yellow solid was dried in a desiccator for 24 h, mechanically powdered and stored protected from light. The SiO 2 shell thickness and the Ag NPs average diameter were estimated through the analysis of TEM images employing ImageJ soware. The Ag@SiO 2 immobilization onto TiO 2 is represented in Scheme 1B.
P25 + Au NPs: NPs synthesis and immobilization in TiO 2
The synthesis of gold nanoparticles (Au NPs) was carried out, as reported by Frens 20 based on Turkevich's procedure, resulting in nanostructures with an average diameter of 40 nm. Therefore, 50 mL of a HAuCl 4 solution (0.01%) was heated to boil. To this solution, 0.50 mL of a sodium citrate dihydrate solution (1%) was added and it was kept under heating and vigorous stirring. The solution turned dark blue in a few seconds and then became brilliant red, indicating the formation of monodisperse spherical particles. The complete reaction lasted 5 minutes and the resulting suspension presented an extinction maximum at 525 nm. The Au NPs immobilization in Degussa P25 was followed as described for Ag NPs immobilization in Degussa P25. The Au immobilization onto TiO 2 is similar to that represented in Scheme 1A.
Photocatalytic degradation
The photodegradation process was performed in a reactor containing a high-pressure 125 W Hg lamp without the glass bulb (irradiation of ca. 108 W m À2 for l > 254 nm) as the radiation source. The radiation source was placed 20 cm immediately above an open-to-air top borosilicate cylindrical cell of 6 cm diameter with lateral input/output of water for thermal conditioning connected to a thermostatic bath (20 AE 0.1 C).
The degraded solution temperature was monitored by a thermostat connected to an external multimeter. Museum Glass® from True Vue™ was placed between the radiation source and the reaction vessel as a UV cut-off lter.
As a photocatalytic target, phenol solution (100 mL of a 1.0 mM aqueous solution) containing 0.5 g L À1 of one of the photocatalysts (pure Degussa P25, P25 + Ag NPs, P25 + Ag@SiO 2 NPs or P25 + Au NPs) was employed. Initially, the suspension was kept in the dark under stirring for 1 hour in order to stabilize the adsorption equilibrium between phenol and the photocatalyst. The irradiation was initialized aer the suspension reached the adsorption equilibrium. Aliquots of 2 mL were withdrawn periodically during the degradation processes and centrifuged twice at 13 400 rpm to separate the supernatant to allow further analysis by UV-VIS spectroscopy. Photocatalytic experiments were performed three times with each catalyst in order to obtain a more accurate result. The phenol removal was analyzed through UV-VIS spectroscopy following the chemical modication with 4-aminoantipyrine by the colorimetric procedure, described as follows.
21
A solution containing 1.9 mL of water, 200 mL of ammonium buffer solution (NH 4 + /NH 3 pH 10.0 AE 0.2), and 100 mL of a degraded phenol aliquot was mixed. To this solution, 200 mL of 4-aminoantipyrine solution (2%) and 200 mL of potassium persulfate (5%) were added. The resulting solution presented an absorbance at 510 nm. In order to verify the relative absorbance decay, an analytic blank was prepared by employing 2 mL of pure water instead of using phenol solution. The phenol removal was evaluated through the normalized absorbance intensity by the initial absorbance (t ¼ 0 min). The relative absorbance at 510 nm as a function of the irradiation time was employed to evaluate the efficiency of the catalyst.
Discrete dipole approximation simulations
Discrete Dipole Approximation (DDA) simulations were performed using the DDSCAT 7.1 program developed by Draine and Flatau. 22 All simulations assumed a composite model containing one plasmonic nanoparticle, adsorbed to a 50 nm diameter TiO 2 spherical particle, spaced by 1 nm and immersed in water as a surrounding dielectric medium. To model the P25 + Ag@SiO 2 composite, a silicon dioxide shell of 4 nm thickness was considered. The plasmonic structures Ag, Ag@SiO 2, and Au were each set to have a 30 nm diameter for the metal nanoparticle. All materials were simulated in terms of experimental wavelength-dependent dielectric function data. For silver and gold, data from studies by Palik 
Results and discussion
Catalyst characterization
The Ag@SiO 2 NPs TEM image shown in Fig. 1 presents a thin shell in light grey assigned to SiO 2 in contrast to the dark grey core assigned to Ag spheres. The EDS inset in Fig. 1 conrms the presence of Ag (peak at 3.00 keV) and Si (peak at approximately 1.80 keV), while the Cu peak is due to the TEM grid. The Ag NPs presented an average diameter of 27.2 AE 12.6 nm (analysis of 38 nanoparticles) and the SiO 2 shell thickness, of approximately 15 nm, is able to provide electric isolation and then prevent electron scavenge from the excited TiO 2 to the metallic NP during the semiconductor excitation.
The DR spectra of the plasmonic semiconductor composites are shown in Fig. 2(A)-(C) . Band deconvolution was performed for all DR spectra, demonstrating the strong absorbance bands for TiO 2 in the UV region and a small absorbance band in the visible range for all plasmonic composites.
The bands at 464 nm and 456 nm in Fig. 2 (A) and (B), respectively, are assigned to Ag LSPR, and the band at 552 nm in Fig. 2(C) is assigned to Au LSPR. This result is in agreement with the UV-VIS spectra of Ag NPs, Ag@SiO 2 and Au NPs aqueous suspensions (Fig. 2 inset) , which show extinction bands at 388 nm, 435 nm and 525 nm respectively. In addition, it is clear that the adsorption of MPA at the Ag NPs surface had a low effect on the LSPR, as shown in Fig. 2(A) inset. The observed redshi in the DR spectra for all composites was due to the change in the surrounding nanoparticle dielectric (from water to air/TiO 2 ).
The presence of Au NPs in the P25 + Au composite was conrmed by the characteristic LSPR maximum in long wavelengths in the visible range of the DR spectrum. On the other hand, the presence of Ag NPs in the P25 + Ag composite was not conrmed by the DR spectra. Thus, TEM images and EDS measurements were acquired to conrm the presence of Ag NPs in the composite material, as shown in Fig. 3 . In Fig. 3 the EDS demonstrates strong Ag and Ti peaks, conrming the abundance of plasmonic structures in the composite.
Photocatalysis under visible light excitation
Phenol photodegradation in an aqueous solution was performed under visible light irradiation. The UV radiation was ltered by placing the Museum Glass® between the light source and the catalysis vessel. The photocatalysis employing pure P25 and the Ag plasmonic composites was carried out in order to investigate a possible enhancement of photodegradation efficiency under such conditions and its main mechanism. Fig. 4(A) presents the UV-VIS spectra of the photodegraded phenol solution aer the colorimetric treatment as a function of the irradiation time as catalyzed by pure P25 and P25 + Ag NPs under visible irradiation. The absorbance at 510 nm is due to the chemical modication reaction between the remaining phenol solution and 4-aminoantipyrine. Fig. 4(A) shows a clear decay in relative absorbance as a function of time for the system P25 + Ag NPs whereas for pure P25 the absorbance remains approximately constant. The decrease in this absorption is an indication of a decrease in phenol concentration and, therefore, it is an indirect observation of a better catalytic performance for the metal-containing system.
The graphs of the relative absorbance decay at 510 nm, as a function of irradiation time to all catalyzed photodegradation processes, are presented in Fig. 4 
(B).
The photocatalysis kinetics tted to pseudo-second-order kinetics and the obtained relative rate constant (k obs ) for each photodegradation is shown in Table 1 .
Although there was low removal by the plasmonic catalyst aer 300 minutes, it is important to highlight that the irradiation source was strictly in the visible range, which is evident by the absence of phenol removal by employing pure P25. These experiments pointed out the advantageous plasmonic effect on the photocatalytic degradation under visible irradiation compared to pure P25. The best kinetics are demonstrated by the k obs values obtained for P25 + Ag NPs and P25 + Ag@SiO 2 . Aer 300 minutes of photocatalysis employing pure P25, there was no substantial phenol removal from the initial solution. This may be explained by the small probability of the low energy irradiation (visible range) being sufficient to excite the semiconductor e À /h + pair separation. The little degradation from P25 catalysis (0.90 AE 0.040%) may be due to a residual UV radiation that may have been incompletely ltered. The phenol removal percentage aer 300 minutes of photodegradation catalyzed by the plasmonic catalyst (between 9.5% and 16.9%), may be associated with the presence of Ag NPs with LSPR at the edge between the UV and visible ranges. The Ag NPs LSPR and the P25 bandgap present an absorption/ extinction band overlap in this wavelength region, causing an increase in the probability of excitation of the e À /h + pair in the catalyst. The k obs indicated considerably greater degradation kinetics when Ag NPs and Ag@SiO 2 NPs and the semiconductor are present. In addition, between P25 + Ag NPs and P25 + Ag@SiO 2 composites, it should be considered that in the P25 + Ag@SiO 2 the LSPR intensity decays with the distance from the metallic NP surface. Therefore, the SiO 2 layer acts as a spacer between the P25 and the Ag NP, resulting in a decrease in the electromagnetic local eld intensity from the LSPR, and so lowers the excitation efficiency and thus catalysis efficiency. The results conrmed the inuence of Ag NPs plasmonic enhancement under visible radiation on photocatalysis.
5,8,11,27
The purpose of an SiO 2 shell for the Ag NPs in the P25 + Ag@SiO 2 composite was to supply an electrical insulator between the Ag NPs and the semiconductor in order to prevent charge transfer and the Schottky barrier during the photocatalysis. If this mechanism was dominating, we should not observe improvement in the photocatalysis by using Ag@SiO 2 particles. In fact, not only do we observe an increase in the photocatalytic efficiency, but we also observe that this efficiency is even comparable to the results seen aer using Ag NPs, for which we observe a greater phenol decomposition rate and reduced phenol content aer 300 min of light irradiation. Therefore, the catalysis employing non-insulated Ag NPs and insulated Ag@SiO 2 NPs presented similar kinetic efficiencies and the amount of content removed, indicating that the observed improvement in catalysis should not be assigned to charge transfer, 28 but to LSPR enhancement at the catalyst surface.
The relative absorbance as a function of time employing plasmonic catalysts presented a plateau aer approximately 120 minutes of irradiation. This behavior might be explained by the detachment of the plasmonic NPs from Degussa P25 restoring the pure semiconductor activity which has no catalytic efficiency under visible radiation.
Photocatalysis under UV-visible excitation
Under UV-visible irradiation the plasmonic catalysts may present both mechanisms simultaneously: (i) direct semiconductor excitation by the UV radiation; and (ii) semiconductor excitation through the LSPR excitation by the visible radiation. Since UV light presents energy with a larger probability for the excitation of e À /h + pairs, we expect the rst mechanism to be more efficient than the latter. Fig. 5(A) shows the UV-VIS spectra aer photodegradation of phenol, through the colorimetric method, employing P25 and P25 + Ag NPs as a function of the UV irradiation time. The spectra in Fig. 5(A) show that both catalysts presented similar efficiency under UVvisible irradiation, conrming the semiconductor excitation under UV radiation. The relative absorbances at 510 nm as a function of time for the distinct catalysts are shown in Fig. 5(B) .
The catalysis under UV-visible irradiation adjusts to a pseudo-rst-order kinetic law, with a larger rate than the catalysis under visible irradiation, as expected, since the direct excitation is very efficient and also because the two mechanisms are taking place simultaneously in this experiment.
The phenol photocatalytic degradation byproducts (catechol, resorcinol and hydroquinone) present absorption maxima in solution at 275 nm, 278 nm and 288 nm, respectively. When attached to TiO 2 these molecules may be responsible for enhancing the semiconductor excitation, as in dye-sensitized catalysis. 29 However, this effect has a low inuence on the amount of content removed and the kinetics. In addition, the UV direct excitation is more efficient than the indirect LSPR excitation, explaining the pseudo-rst-order kinetics. Table 2 shows the pseudo-rst-order relative rate constant (k obs ) and the removal percentage aer 300 minutes of UV-visible irradiation.
The phenol photocatalytic degradation reached 97.7% aer 300 minutes of irradiation employing the plasmonic nanocomposites. At the end of the catalysis, a plateau was observed (aer 240 minutes) in Fig. 5(B) , which may be attributed to catalyst poisoning by phenol byproducts. Such byproducts occupy the catalyst sites on the TiO 2 surface blocking phenol and water molecules from undergoing oxidation and reduction processes. Table 2 shows that the plasmonic catalysts presented an increase of approximately 7% with respect to phenol removal compared to the regular P25 catalyst. The improvement can probably be attributed to the plasmonic effect. The observations for P25 + Ag NPs, and the P25 + Ag@SiO 2 system under UVvisible radiation conrmed the plasmonic enhanced mechanism proposed in the case of the visible irradiation experiment. The plasmonic effect was an additive effect to the direct excitation of P25, as presented for the photocatalysis under visible excitation.
Investigation of the LSPR inuence on catalysis: theoretical and experimental results
The ascertainment of the LSPR inuence over TiO 2 excitation under visible radiation was carried out through the verication of the catalytic efficiency out of resonance, when the plasmonic resonance has lower energy than required to excite the semiconductor, by the use of Au NPs, for instance. Fig. 6 (A), (B) and (C) present DDA simulations of absorption (black) and scattering (red) spectra of composites of TiO 2 + Ag NPs, TiO 2 + Ag@SiO 2 NPs and TiO 2 + Au NPs, respectively. The experimental DR spectra in Fig. 2 , along with the DDA simulations in Fig. 6 , clearly show that the Ag catalysts present plasmon resonance at high energies and thus the LSPR may inuence TiO 2 excitation for enhanced catalysis under visible irradiation. On the other hand, the Au NPs composite presents LSPR with much lower energy than the TiO 2 band-gap, and it may not inuence the catalysis efficiency.
In the DDA simulations, the LSPR maxima for the Ag and Au NPs suffered a shi to longer wavelengths, as compared to the plasmonic nanoparticles in aqueous suspension, due to the interaction between the metal nanoparticle and the adjacent semiconductor material. It is clear from Fig. 2 that the shis occurred in all composites, indicating the attachment of the plasmonic nanostructure to the semiconductor and the electromagnetic interaction among both moieties.
It is interesting to note, from Fig. 6 , the redshi for the scattering spectrum with respect to the absorption spectrum, especially in the cases where the metal nanoparticles are in close contact with the TiO 2 surface (Fig. 6(A) and (C) ). As it will be discussed below, in the case of the simulated systems, such interactions may involve an image-dipole in the semiconductor (Scheme 2), which may strongly affect the scattering properties of the system.
The DDA simulations allowed for the construction of theoretical maps of the enhancement of the electric eld radiation intensity (E/E 0 ) 2 of the composites at the maximum wavelength, corresponding to the LSPR of each composite. A theoretical eld map was also built for P25 + Au NPs far from the LSPR maximum, that is, at the minimum energy needed to excite the TiO 2 . These maps are shown in Fig. 7 . The LSPR electromagnetic eld may couple with the semiconductor dielectric resulting in a dipolar resonance parallel or perpendicular to the surface (Scheme 2). The oscillating electron density in the metal due to the plasmon resonance induces an image charge oscillation into the interior of the dielectric material. This leads to a destructive interference in the case of the dipolar resonance parallel to the surface (Scheme 2A). On the other hand, in the case of the dipolar resonance perpendicular to the surface (Scheme 2B), the dipole is projected into the dielectric semiconductor resulting in an enhancement of local electric eld amplitude in the interparticle region.
The P25 + Ag NPs and P25 + Ag@SiO 2 maxima LSPR are close to the minimum energy required for the excitation of TiO 2 . The eld maps at 434 nm and 444 nm, from the P25 + Ag NPs and P25 + Ag@SiO 2 composites shown in Fig. 7(A) and (B) , indicate an enhancement of the incident eld of approximately 10 3 -fold at the TiO 2 surface. Fig. 7 (A) and (B) also demonstrate a considerable electromagnetic eld penetration into the semiconductor interior in agreement with the catalytic degradation efficiency already discussed in this work. As can be seen in the maps (Fig. 7(B) ), the SiO 2 layer acts as a spacer, decreasing the electromagnetic coupling between the metal nanoparticle excited dipolar plasmon mode and the induced image dipole in the semiconductor surface. This leads to a smaller electric eld enhancement on the TiO 2 surface in the presence of the electrically insulated particle, contributing to a smaller probability rate of e À /h + pair formation, thereby inuencing the rate constant and the amount of phenol photodegradation, as can be observed in Table 1 . There is another important parameter that may also be affected by the plasmonic electromagnetic eld. Fig. 8 shows a representation of charge densities (divergence of the local electric eld) 31 under the same conditions as in Fig. 7 . Since the charge densities at the metal nanoparticle are much larger than in TiO 2 , we applied a cutoff in the results to make visualization of charges in the semiconductor possible. Nevertheless, Fig. 8 shows that for TiO 2 + Ag NP, the induced charge density in the semiconductor is larger than for the system TiO 2 + Ag@SiO 2 , which indicated a system with a larger degree of charge separation induced by the plasmonic eld. This suggests that we can expect a smaller rate of e À /h + pair recombination in the absence of the insulator, contributing to better photocatalytic performances. The P25 + Au NPs system exhibits no wavelength overlap between the maximum LSPR and the minimum energy required for TiO 2 excitation (Fig. 6) . The eld intensity map shown in Fig. 7(C) presented an enhancement of less than 10 1 at 434 nm as compared to the incident light (roughly 3.6 times). Conversely, at 538 nm (P25 + Au NPs LSPR at resonance) the normalized electric eld map shows a 10 2.5 -fold enhancement, although the energy that penetrates the semiconductor material is not high enough to excite the e À /h + pair and does not contribute to the catalytic degradation efficiency. The photocatalytic degradation experiments employing pure P25, P25 + Ag NPs and P25 + Au NPs were performed and the relative absorbance was obtained by the colorimetric method as shown in Fig. 9 .
The 3.6 fold-increase of the eld intensity at 434 nm for the P25 + Au NPs composite was responsible for the occurrence of slight photocatalytic efficiency (8% of degradation aer 300 minutes) as presented in Fig. 9 . The main reason for such a great difference between Ag and Au NPs lies with the LSPR wavelength resonance match with the semiconductor band gap.
Thus, the proposed mechanism in plasmonic photocatalysis, based on the present experimental and theoretical results, considers the LSPR of Ag NPs at the semiconductor surface to be excited under visible irradiation, and the local electric eld enhancement in resonance with the semiconductor bandgap energy amplies the probability of e We argue that the LSPR band overlap with the semiconductor bandgap energy is the main mechanism responsible for the plasmonic enhancement of photocatalysis. This proposed mechanism was conrmed by the investigation of the behavior of electrically insulated Ag@SiO 2 NPs, which prevented the charge transfer from occurring, as well as preventing the formation of a Schottky barrier. In addition, in the photocatalysis under UV-visible irradiation direct TiO 2 excitation may occur simultaneously with the LSPR effect of the Ag NPs, with a small improvement of the catalytic efficiency of the plasmonic P25 in comparison to pure P25 in such conditions.
Conclusions
The proposed mechanisms responsible for plasmonic enhancement in photocatalysis were evaluated through experiments under visible irradiation, employing plasmonic catalytic composites with resonance energies near to and far from the semiconductor bandgap energy. Phenol was employed as a target photodegradation molecule because it has no light absorption in the visible range and does not act as a sensitizer to TiO 2 under visible irradiation. The plasmonic catalysts presented good efficiency under visible excitation while pure P25 had no considerable catalytic efficiency. There was a comparable level of degradation between P25 + Ag@SiO 2 and P25 + Ag composites with respect to both irradiation energies, with better efficiency in the case of non-insulated metal nanoparticles. These observations gave rise to the conclusion that the main mechanism responsible for the enhancement of plasmonic photocatalysis is probably the local enhancement in the intensity of the incident eld due to the LSPR excitation. DDA simulations and experimental results are in very good agreement with this interpretation that suggests an LSPR effect by electric eld enhancement and penetration at the semiconductor surface. Photocatalysis employing P25 + Au NPs presented very low efficiency as expected. Through DDA simulations it was observed that Au nanoparticles present intense electric eld enhancement at low energies and Ag nanoparticles present electric eld enhancement at higher energies. Although Au nanoparticles at the semiconductor surface present considerable LSPR intensity, the LSPR has insufficient energy to excite the semiconductor.
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